INTRODUCTION
Reproduction in all systems is heavily influenced by metabolism and nutrition [1, 2] . Several human reproductive disorders have been linked to malnutrition, diabetes, and obesity [3] . Moreover, nutrition influences reproduction in both flies and mammals in very similar ways. For example, fasting leads to decreased fertility as a result of defective oocyte development in both Drosophila and humans [4, 5] . Recent studies in flies, mice, livestock, and human oocytes have shown that lipids accumulate dramatically during oocyte development and are required for oogenesis and the early stages of embryogenesis [6] [7] [8] [9] [10] . However, despite the common need for lipids in oocyte development and reproduction, little is known about the mechanisms controlling oocyte lipid accumulation in any system.
Many key metabolic pathways and lipid regulatory mechanisms are conserved between Drosophila and humans, making the fly an excellent system in which to characterize genetic mechanisms that control lipid metabolism [11] . For example, SREBP is a helix-loop-helix transcription factor that is retained in the endoplasmic reticulum (ER) in the presence of high levels of intracellular lipids. Once lipid levels drop, SREBP is transported to the Golgi, cleaved by proteases, and its DNA binding domain moves to the nucleus and induces the expression of many genes involved in lipid synthesis and uptake including the LDL receptor [12, 13] . Studies of SREBP have focused primarily on its function in mammalian liver and adipose tissue; however, studies of SREBPs in S. cerevisiae, C. elegans, and Drosophila [14] [15] [16] suggest roles in multiple biological processes. Interestingly, recent studies have shown that the Drosophila LDL receptor, lipophorin receptor 2 (LpR2), is required for lipid uptake in imaginal discs and the ovary [6] , suggesting a possible role for SREBP in germline lipid accumulation.
Nuclear receptors (NRs) are another conserved class of transcription factors that play key roles in numerous aspects of lipid metabolism [17] . NRs are defined by an N-terminal DNA binding domain and a C-terminal ligand-binding domain that senses small lipophilic compounds. Ecdysone receptor, EcR, is a member of the NR1H family of nuclear receptors that includes the mammalian LXR and FXR receptors. LXRs/FXR have welldescribed roles in the regulation of triglyceride metabolism and cholesterol homeostasis [18] . EcR, on the other hand, senses the steroid hormone 20-hydroxyecdysone (20E) and plays an essential role in the regulation of developmental timing [19] . While this family of nuclear receptors has been studied extensively in the liver in mammals, and during embryonic/larval development in Drosophila, relatively little is known about its role in reproduction in any species.
Consistent with a role in reproduction, the EcR ligand, ecdysone, is produced during adulthood primarily in the ovary and accumulates at high levels in females, but not males [20] [21] [22] . EcR and downstream components of the ecdysone-signaling pathway are genetically required for oocyte development [23] [24] [25] . Moreover, a recent study has shown that ecdysone produced from the somatic follicle cells is required for border cell migration during stage 9 of oogenesis [26] . However, the importance of EcR in nutrient storage during late stages of egg development has not been defined.
Our studies define the metabolic demands of oocyte production and the mechanisms that fulfill these demands. Ecdysone signaling functions to induce lipid accumulation during stage 10 of oogenesis by promoting the activation of SREBP. SREBP mediates lipid loading in stage-10 follicles by regulating the expression of the LDLR homolog LpR2 and other genes in the germline. In addition, EcR functions in the CNS of Drosophila females to increase female feeding and nutrient storage to provide the building blocks of oocyte development. Our work also establishes Drosophila as a powerful system to investigate the mechanisms that coordinate female metabolism with germline metabolic processes required for oocyte development.
RESULTS

Triglycerides and Sterols Accumulate in Stage-10 Follicles
Previous studies have shown that neutral lipids accumulate via LpR2 to high levels in vitellogenic follicles at stage 10 of oogenesis ( Figure 1A ) [6, 7, 27] . We confirmed that ovaries stained with a neutral lipid-specific dye (oil red O) display a dramatic increase in lipid content in stage-10 follicles ( Figure 1B ). The composition of lipids stored in stage-10 follicles was determined by dissecting mature adult Oregon R females, collecting stage-8 and stage-10 follicles and measuring both triglycerides and total sterol levels via colorimetric assay and fluorescence assay, respectively. We found that stage-10 follicles display a 6-fold increase in triglyceride levels and a significant increase in total sterols, both major forms of stored lipids ( Figures 1C and 1E ). Other lipids such as free fatty acids showed no significant rise in stage-10 follicles suggesting that triglycerides and total sterols comprise the major lipid classes stored during stage 10 of oogenesis ( Figure S1A ).
Since oogenesis in many organisms is heavily influenced by diet, we tested whether nutrient deprivation can alter triglyceride levels in the oocyte. Mature Oregon R flies were fed either a control 1.0SY media or a low-nutrient 0.25SY media for 1 week. After 7 days, we found that the percentage of ovarioles containing stage-10 oocytes was significantly lower on the nutrientdeprived 0.25 SY media ( Figure S1B ). Whole-body and oocyte triglyceride levels were then assessed by colorimetric assay. As expected, we found that whole-body triglyceride levels changed quite dramatically (40%-65%) in nutrient-deprived females ( Figure 1F ). In contrast, the triglyceride content of their stage-14 oocytes was essentially unaffected (0%-20%), suggesting that oocyte triglyceride levels are maintained precisely regardless of diet ( Figure 1G ).
RNA sequencing analysis was performed on stage-8 and stage-10 follicles from Oregon R females to help define the lipid metabolic mechanisms that mediate lipid accumulation. 662 genes increased and 158 decreased their expression levels at least 2-fold during stage 10. When we compared the 662 transcripts upregulated at stage 10 to an updated version of a published list of 1,231 metabolic genes [11, 28] , we found that 33 predicted metabolic genes increased at stage 10 ( Figure S1C ). Interestingly, 12 of these genes have predicted functions in lipid metabolism ( Figure 1D ). These include genes involved with lipid uptake such as the CD36 fatty acid translocase homolog, emp, and the fatty acid transporter, Fatp. Several fatty acid modifying enzymes (CG5065, CG31522, CG2781, CG9747) and genes with putative roles in lipid trafficking and transport (CG11069, CG33970, mgl, CG11147, Atet, and Nlaz) are also induced at stage 10. In contrast, genes involved in de novo fatty acid synthesis are expressed at a constant low level and do not increase at stage 10 ( Figure 1D) . Surprisingly, LpR2 expression was not upregulated at stage 10. Conversely, when we examined the 158 genes downregulated at least 2-fold at stage 10 we found only 14 putative metabolic genes. Among these 14 genes only CG4753 (GPAT-like enzyme) is predicted to have a direct role in lipid metabolism ( Figure S1C ). Figure 2D ). Knocking down expression of the EcR target gene Eip75 in the germline caused similar defects in lipid accumulation and LpR2 expression (Figures S2B and S2C ), but inhibiting several other pathway components (USP, E74, br, and Ftz-F1) did not produce any clear phenotypes, most likely due to the ineffectiveness of these particular RNAi transgenes in the germline. Inactivating ecdysone production using RNAi against the ecdysone biosynthetic enzyme spook ( Figures S2D-S2G Figure 2F ) were the only lipid metabolic genes [11, 28] 
SREBP Signaling Plays a Central Role in Germline Lipid
Accumulation Consistent with our gene expression data, in a candidate screen of reporters for known metabolic regulatory pathways, we found that a previously characterized reporter of SREBP activity [15] is specifically induced in follicles at stage 8-10. Subsequently, the SREBP reporter expression declines in late stage 10B and early stage 11 ( Figures S3A and S3C) . We investigated the functional role of SREBP in germline lipid accumulation by generating negatively marked germline mutant clones for two null mutant alleles of SREBP [15] . These animals were dissected and stained with anti-GFP antibodies and Nile red. The majority of follicles lacking a functional SREBP die at stage 8, consistent with previous studies that show lipid storage defects lead to oocyte arrest and death at the onset of vitellogenesis ( Figure S3B ). Among those SREBP germline mutant follicles that do not die, 90% show a complete block in germline lipid accumulation ( Figures  3B, 3C , and S3D) indicating that SREBP is essential for germline lipid accumulation.
To determine whether SREBP activation is sufficient for oocyte lipid accumulation, we expressed an activated version of SREBP (SREBP-DBD) in the germline. While 85% of the females expressing this activated version of SREBP in the germline contained ovarioles completely lacking germ cells ( Figure 3E ), 15% of the females contained follicles at stage 4-6 that displayed premature lipid accumulation ( Figures 3D and 3F) , something that is never seen in control follicles. These data suggest a novel role for SREBP in reproduction by controlling lipid levels in the germline. Figurea 4A and S4A ). These data indicate that ecdysone signaling mediates lipid accumulation, at least in part, by promoting SREBP activation. However, there may be other factors that are independent of SREBP that also support lipid accumulation.
SREBP Is Regulated by Ecdysone Signaling and Dietary
Given that both nuclear receptors and SREBP are commonly regulated by nutrients, we investigated whether SREBP and ecdysone signaling are influenced by changes in diet. Adult flies containing one of two published reporters of ecdysone biosynthetic gene expression, spook-GAL4 [22] or phm-GAL4 [29] driving expression of UAS-GFP, were fed either a control 1.0SY media or a low-nutrient 0.25SY media. After 7 days, ovaries were dissected and stained with anti-GFP antibodies. On the control diet, both reporters were strongly expressed in stage-10 follicle cells ( Figure 4B ). However, in animals fed the nutrient-deprived diet, phm (but not spook) expression was low in stage-10 follicles and was only detected in the posterior follicle cells (Figures 4B and S4C ). These observations show that phm, a gene encoding a key cytochrome P450 enzyme in ecdysone biosynthesis, is highly expressed and specifically regulated by diet in stage-10 follicle cells. Furthermore, our data suggest that posterior follicle cells serve as a local source of ecdysone during late stages of oocyte development.
To assess the effects of dietary lipids on SREBP signaling in the germline, we grew SREBP reporter animals on 1.0SY control media or 0.25SY nutrient-deprived media for 1 week, then dissected the ovaries, and stained them with anti-GFP antibody. Animals fed a low-nutrient diet contained ovarioles with modestly reduced germline SREBP activation ( Figures 4C and 4D) . When SREBP reporter animals were fed lipid-extracted media, SREBP activation was increased in the germline and also activated in the somatic follicle cells ( Figure 4E ). In contrast, when animals were fed media supplemented with 2% fatty acids the ovarioles showed a complete inhibition of SREBP activation in the germline with only the border cells showing SREBP activation (Figures 4F and  S4B) . Taken together, these data suggest that SREBP senses lipid levels in the germline and directs corresponding changes in lipid uptake and storage, in a similar manner to other tissues. However, additional factors may contribute along with SREBP activation to setting the final levels of lipid accumulation in stage-10 oocytes.
SREBP Regulates LpR2 to Promote Lipid Accumulation
In light of previous studies that show LpR2 is required for lipid uptake in the germline [6] , we hypothesized that SREBP regulates the expression of LpR2. To test this idea, we generated negatively marked nurse cell clones mutant for SREBP L189 or SREBP L52 , dissected the ovaries, and stained with anti-GFP antibodies and anti-LpR2 antibodies. Consistent with an essential role for SREBP in adipogenesis, we found that nurse cells lacking functional SREBP displayed defective LpR2 expression ( Figures  5A and 5B ). In addition, by analyzing the genomic sequences surrounding LpR1 and LpR2, we found five SRE elements and six E-box elements, known binding sites of Drosophila SREBP, contained within introns and intergenic regions ( Figure S5A ). To determine whether SREBP directly binds any of these putative response elements in the 5 0 end of the LpR genomic loci, we performed chromatin immunoprecipitation assays using antibodies against Drosophila SREBP (3B2) [30] or immunoglobulin G (IgG) controls. These experiments indicated that SREBP binds significantly to the SRE element site located near the 5 0 end of the large second LpR2 intron. (Figure S5B ). These data support a model where ecdysone signaling induces follicle maturation at stage 10 by activating SREBP. SREBP then senses intracellular lipid levels and promotes germline lipid accumulation by controlling LpR2 expression ( Figure 5C ).
Females Store High Levels of Whole-Body Triglyceride to Support Egg Production
Given that Drosophila females lay roughly 100 nutrient-filled eggs per day, females must specialize their metabolic mechanisms differently than males in order to meet the biosynthetic demands of egg production. To characterize metabolic differences between male and female flies, we collected newly eclosed and 7-day-old mated animals and measured whole-body triglyceride and glycogen levels. Newly eclosed flies show no significant difference between males and females in whole-body triglyceride. In contrast, mature adult females contain almost twice as much triglyceride as males ( Figure 6A ). Similarly, females that were allowed to mature for 7 days showed pronounced gains in glycogen when compared to newly eclosed females ( Figure 6C ). One possible explanation for the increased triglyceride content of females following eclosion is simply the appearance during this time of mature lipid-rich follicles in their ovaries. Consequently, we compared gonadal triglyceride content to the total triglyceride present in male and females. These experiments showed that the ovaries account for only 5%-10% of the total triglyceride present in the female ( Figure S6A ). This result was confirmed in an independent assay by extracting lipids from ovaries and intact females and measuring total triglyceride content via TLC ( Figure S6B ). We tested whether the elevated nutrients accumulated by females are required for oocyte production by measuring egg laying in genetically lean mag-RNAi animals. Previous work has shown that mag-RNAi animals display a dramatic reduction in whole-animal triglyceride due to defective dietary triglyceride digestion and uptake [31, 32] . In conjunction with being lean, mag-RNAi animals produced many fewer eggs ( Figure 6B ). Likewise, we observed reduced egg laying in lsd-2 mutant females, which are lean due to defects in lipid droplet lipolysis in the fat body [33] . These experiments agree with previous studies showing that nutrient restriction and disruptions in lipid metabolism lead to an arrest in oogenesis and to the death of vitellogenic follicles [4, 6, 7] .
Previous studies suggested that female flies increase feeding behavior after mating [34] . To investigate whether such a change occurs and whether it is sufficient to explain sexually dimorphic triglyceride contents, we measured the feeding rate of Oregon R animals using a capillary feeding assay (CAFE) ( Figure 6D) . Consistent with previous studies [35] , we found that females feed at a 20%-40% higher rate compared to males. These experiments suggest that increased feeding is a primary factor underlying the dimorphic nutrient accumulation by Drosophila females.
Ecdysone Functions as a Sex Hormone to Promote Female Metabolism
Previous studies in many species have shown that steroid hormones produced in the ovary function both locally to promote oogenesis and systemically to support normal reproduction [23, 36, 37] . In Drosophila, the ovary is a primary site of ecdysone production in adults, leading to significantly higher levels of ecdysone in females than males [26, 38, 39] suggesting that females require EcR-mediated signaling to establish the metabolic differences between the sexes. In contrast, total protein levels were unaffected in EcR ts /EcR null mutant females indicating that EcR specifically affects stored triglyceride and glycogen and without causing an overall change in animal size ( Figure S6D ). To investigate whether ecdysone is sufficient to induce nutrient storage, we exposed males to elevated levels of ecdysone. Feeding 0.5 mg/ml 20-hydroxy ecdysone to adult Oregon R flies for 4 days caused a significant increase in both triglyceride and glycogen levels in male flies ( Figures 6E and 6F ). To determine whether ecdysone produced in the ovary is required to establish the female metabolic state, we examined wholebody triglyceride levels in bam D86 mutants, which do not form follicles that produce ecdysone [40] . The bam mutant females contained substantially reduced triglyceride levels, similar to EcR ts /EcR null females, suggesting that ecdysone produced in ovarian follicles is responsible for female nutrient accumulation ( Figure S6D ). 
EcR Functions in the CNS to Establish Female Metabolism
To identify the key metabolic tissues responding to ecdysone in the female inhibited EcR using a commonly used EcR dominant-negative (EcR-DN) transgene [41] . To inactivate EcR in particular adult tissues, we constructed fly stocks that carry EcR-DN, a tissue-specific GAL4 driver and a temperature-sensitive GAL80 transgene, which inhibits GAL4 function at low temperatures. We grew the animals to adulthood at low temperature, switched adults to the restrictive temperature, and after a period of time measured whole-body triglyceride and glycogen. Interestingly, when elav-GAL4, GAL80ts was used to drive EcR-DN expression in the adult CNS, we found reductions in triglyceride and glycogen levels similar to those in EcR ts /EcR null females ( Figures 7A, 7B , S7B, and S7C). Inhibition of EcR in other key metabolic tissues such as the intestine (mex-GAL4) and the fat body (fb-GAL4) yielded no significant changes in triglyceride levels in either sex ( Figure S7A ). These data indicate that EcR functions primarily in the CNS to drive the nutrient accumulation in females that is required for oocyte production. To test whether the female-specific metabolic defects that result when EcR function is inhibited in the CNS affect female fertility, we measured egg production in the elav / EcR-DN females. Consistent with a role for EcR in lipid metabolism and oogenesis, elav / EcR-DN females display a dramatic defect in female fertility ( Figure 7C) . Interestingly, the few stage-10 egg chambers that are produce display normal lipid accumulation and LpR2 expression ( Figure S7E ) consistent with our previous observation that a reduced number of metabolically normal eggs are produced after dietary restriction. Taken together, these data indicate that the CNS plays a major role in establishing metabolic sexual dimorphism and that females require higher levels of stored nutrients for normal egg production.
Ecdysone signaling may act in the CNS to promote nutrient accumulation by regulating feeding behavior. To test this possibility, we measured the feeding rate by a capillary feeding assay using individual EcR null /+ or EcR ts /EcR null flies and found that EcR mutant females have a significantly reduced feeding rate, while males are largely unaffected (Figure 7D) . To assess whether EcR function in the CNS affects feeding behavior, we inhibited EcR function using EcR-DN specifically in the adult CNS and measured feeding rate by capillary assay. Consistent with the EcR mutant, inhibiting ecdysone signaling in the adult CNS significantly lowers the feeding rate in females, while males show only a modest decrease ( Figure 7E ; Figure S7D ). Importantly, inhibiting ecdysone signaling abolished the sexually dimorphic feeding behavior observed in normal flies. Overall, these data suggest that elevated levels of ecdysone in the female signal through EcR in the CNS to promote an increase in female feeding. This increase in female feeding increases the uptake and storage of nutrients such as triglyceride and glycogen and helps drive the differences in metabolism between the sexes ( Figure 7F ). 
DISCUSSION
Uptake and Storage Drives Lipid Accumulation in Oocytes
Studies in numerous species have described lipid accumulation during the later stages of oocyte maturation; however, the precise composition of those lipids and the mechanism that promotes storage are poorly understood. Here, we show that in Drosophila, triglycerides and sterols accumulate between stage 8 and 10 of oogenesis. These same stored lipids are utilized during embryogenesis for energy and biosynthetic purposes [8, 10] . The oocyte's triglyceride and sterol depot can be broken down for ATP or interconverted to other lipid classes such as phospholipids, sphingolipids, ceramides, and steroid hormones. Ultimately, this strategy allows the female to provide stored energy and the necessary lipid building blocks to the oocyte without having to load all of the individual lipid species needed during embryogenesis. Since the mature oocyte's lipid levels were not affected by diet, our data also suggest that steroid signaling and SREBP act as a homeostatic mechanism during oogenesis to ensure that the an optimal level of lipids are loaded into each oocyte despite a wide range of exogenous nutrient availability.
Ecdysone Promotes Oocyte Lipid Accumulation via SREBP and LpR2
EcR is closely related to mammalian LXR receptors; these proteins show 40% identity and 56% similarity in their DNA binding domains. Furthermore, EcR and LXR both heterodimerize with the RXR/USP family of nuclear receptors and bind the DR4 LXR response element (AGGTCAnnnAGGTCA) [42, 43] . EcR mediates oocyte lipid accumulation, in large part by promoting the expression and activation of SREBP, a protein that in mammals regulates lipid uptake and synthesis in the liver [13, 15] . Mammalian LXR receptors also promote lipid accumulation and storage by inducing SREBP expression in the liver [18] . Also consistent with mammalian data [12] , we found that SREBP controls lipid uptake and accumulation in the Drosophila germline, in part, by regulating the LDL receptor homolog LpR2. These data suggest that SREBP supports reproduction by acting as a nutrient responsive regulator of oocyte lipid accumulation.
While LXR, SREBP, and LDLR are best known for their roles in the liver, it remains unclear whether these genes act in the same manner in tissues such as the germline. In species like C. elegans, which never evolved liver or adipose tissue, these genes display a significant degree of sequence conservation. Interestingly, studies of mutants in the C. elegans NR1H receptor (daf-12) and the SREBP homolog (sbp-1) display significant defects in fertility and lipid storage [14, [44] [45] [46] . How daf-12 and sbp-1 function during oogenesis to promote fertility, however, has never been described. Moreover, limited studies reveal that LXRab double-knockout mice display a 50% reduction in brood size and a significant defect in FSH-stimulated oocyte maturation [47] . Taken together, these studies suggest that NR1H receptors and SREBP have conserved roles supporting normal reproduction. Our data suggest that the sterility associated with disrupting LXR or SREBP function in multiple systems arises from the roles these factors play in regulating metabolism in the germline. In fact, our data suggest that LXRs, SREBP, and LDLR play an ancient evolutionarily conserved role in promoting lipid accumulation in developing oocytes.
Ecdysone Is a Sex Hormone that Controls Reproduction and Female Metabolism
Estrogen, one of the primary female sex hormones in vertebrates, plays a wide variety of roles in female reproduction. In particular, estrogen receptor (ER) a and b are both required in the ovary for normal oocyte development [48] and ovulation [49] . In light of the roles for EcR in female metabolism and oocyte development, we propose that ecdysone signaling in the adult fly is analogous to estrogen signaling in mammals. Our data suggest that regulation of SREBP may be a conserved target of both ERs and LXRs. In fact, studies in mammals suggest that ER and LXR function together in adipose tissue to control target genes such as SREBP-1c; however, the mechanism by which this occurs is not at all clear [50] . These observations, in conjunction with the similar defects in stimulated oocyte maturation and ovulation seen between LXR double-mutant mice [47] and ER double-mutant mice [36, 49] mice, suggest that ERs and LXRs may function together to promote oocyte production. Consistent with this idea, we suggest that Drosophila represents an ancestral system for how nuclear receptors coordinate metabolism and reproduction.
In conjunction with controlling reproduction, sex hormones function to establish many secondary sex traits in mammals. The evidence presented here indicates that 20-hydroxyecdysone fulfills a similar role in Drosophila to establish metabolic sexual dimorphism. EcR mutant females lack the elevation of feeding and nutrient storage seen in controls and display metabolite levels similar to those seen in male animals. These findings are reminiscent of those in mice where the estrogen receptor functions in the hypothalamus to control responsiveness to leptin and suppress feeding, reduce weight gain, and regulate the distribution of fat storage [37] . It is interesting to note that EcR promotes feeding and triglyceride storage, whereas ER seems to antagonize feeding and lipid storage. This difference between EcR and ER may derive from the very different reproductive strategies used by mice and Drosophila. While flies store all of the nutrients required for embryogenesis in the oocyte and produce many offspring, mammals produce relatively few progeny and provide the vast majority of the nutrients needed during embryogenesis through placental connections. Interestingly, mouse LXRs have also been shown to display sex-specific effects in the regulation of cholesterol metabolism [51] , although sexually dimorphic roles for these receptors remain unclear.
Strong connections have been established between nutrition, hormone production, and reproduction in a wide variety of organisms. In humans, syndromes in which these connections become altered, such as polycystic ovary syndrome, are common causes of subfertility [3] . A fundamental understanding of the complex relationships between energy metabolism and reproduction would be of inestimable value in guiding more accurate diagnosis and treatment, but progress has been slow [37] . To that end, our studies indicate that Drosophila oogenesis provides a powerful genetic system for advancing such an understanding.
EXPERIMENTAL PROCEDURES
Metabolic Assays
Mature adult ovaries were dissected and follicles from stages 8 and 10 were collected (200/sample). Adult whole-body samples were collected from five males and five females per sample. TAG, glycogen, protein, and cholesterol were measured as described in Sieber et al. [31, 32] . Each experiment utilized five to 12 replicate samples, and each experiment was repeated at least three times.
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